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Abstract. There are indications that γ-ray dark objects such as supernovae (SNe) with
choked jets, and the cores of active galactic nuclei may contribute to the diffuse flux of as-
trophysical neutrinos measured by the IceCube observatory. In particular, stripped-envelope
SNe have received much attention since they are capable of producing relativistic jets and
could explain the diversity in observations of collapsar explosions (e.g., gamma-ray bursts
(GRBs), low-luminosity GRBs, and Type Ibc SNe). We use an unbinned maximum likeli-
hood method to search for spatial and temporal coincidences between Type Ibc core-collapse
SNe, which may harbor a choked jet, and muon neutrinos from a sample of IceCube up-going
track-like events measured from May 2011-May 2012. In this stacking analysis, we find no
significant deviation from a background-only hypothesis using one year of data, and are able
to place upper limits on the total amount of isotropic equivalent energy that choked jet core-
collapse SNe deposit in cosmic rays Ecr and the fraction of core-collapse SNe which have a
jet pointed towards Earth fjet. This analysis can be extended with yet to be made public
IceCube data, and the increased amount of optically detected core-collapse SNe discovered
by wide field-of-view surveys such as the Palomar Transient Factory and All-Sky Automated
Survey for Supernovae. The choked jet SNe/high-energy cosmic neutrino connection can be
more tightly constrained in the near future.
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1 Introduction
The IceCube Antarctic neutrino observatory has been observing high-energy (HE) neutrinos
with energies of Eν & 10 TeV for almost half a decade [1–6]. They observe an apparently
isotropic diffuse neutrino flux that is equally distributed between the neutrino flavors (i.e.,
νe : νµ : ντ ≈ 1 : 1 : 1) [7]. The sources of these HE neutrinos are still unknown, despite
observations of ∼ 100 HE contained events, and tens of thousands of through-going track
events to date. Gamma-ray bright sources such as gamma-ray bursts (GRBs) [8, 9] (see also
[10–12] for the latest papers after the discovery of IceCube neutrinos) and blazars [13–18] are
now disfavored as the main origins of IceCube’s neutrinos [19–21].
During the last few years, γ-ray dark sources have been investigated as potential sources
of the HE diffuse flux (see Ref. [22] and references therein). Such sources may be able
to accelerate HE cosmic-rays (CRs) which interact with their surrounding environment to
produce γ-rays and neutrinos via pp or pγ interactions. While the γ-rays are attenuated by
a dense photon field (via γγ interactions), the HE neutrinos escape. Studies of γ-ray dark
sources attempt to determine their potential maximum contribution to the diffuse neutrino
flux, while still respecting multi-messenger observations such as the diffuse extragalactic γ-
ray background [23–29]. By definition, the amount of non-thermal energy in CRs is difficult
to directly determine for γ-ray dark transients, making it harder to constrain the suggested
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theoretical models (although rare sources such as jetted tidal disruption events (TDEs) are
already disfavored by the absence of clustering [28] and diffuse emission [28–30]).
It has been known since the combined observation of SN 1998bw/GRB 980425 [31, 32]
that so-called long gamma-ray bursts (GRBs) share a common progenitor with core-collapse
supernovae (ccSNe). Prompt GRB emission is observed once a relativistic jet escapes from
the stellar envelope of its progenitor during core-collapse. It is then natural to suppose that
some jets do not escape the stellar envelope [33, 34], instead resulting in a trans-relativistic
explosion or stripped-envelope SNe [35]. While no events have been definitively identified as
an example of a “choked jet” SN (cjSNe), it is believed that unusually energetic explosions or
those with trans-relativistic ejecta such as a Type Ic broad-line SNe or hypernovae may be the
result of such a scenario [32, 36, 37]. For recent discussions on the choked jets in core-collpase
SNe see [38, 39]. Low-luminosity GRBs or trans-relativistic SNe have been suggested as HE
neutrino emitters [40–42].
Conventional (i.e., γ-ray bright) GRBs were thought to be prime candidates to produce
HE neutrinos [8], but they can only contribute to . 1% of IceCube’s neutrinos [19, 43–47].
While it stands to reason that their choked-jet brethren may deposit a significant amount of
energy into CRs and neutrinos [48–53], the non-detection of precursor neutrinos from high-
luminosity GRBs already indicate that HE neutrino production should be suppressed inside a
star for powerful GRBs. However, Ref. [23] showed that this is consistent with the theoretical
expectation that CR acceleration is inefficient at radiation-mediated shocks, and proposed
that low-power choked jets may give a significant contribution to the observed neutrino flux
without contradicting the non-detection of GRB neutrinos. Alternatively, Ref. [25] considered
HE neutrino production in choked jets embedded in the circumstellar material or extended
envelope. It has also been suggested that choked jets may account for the observed high-
energy neutrinos [23], especially in light of the medium-energy excess [23, 25, 27, 54].
A search for HE neutrinos coincident with SN 2008D – assuming it contained a choked
jet – has been performed [55]. In this current work, we investigate a population of γ-ray
dark transients – stripped-envelope SNe – as the potential sources of HE neutrinos. We use
observed SNe events to constrain the fraction of the population that can produce neutrinos,
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and the amount of energy each event can deposit into CRs (Ecr). The background only
hypothesis cannot be ruled out using only the present neutrino data (i.e., there is not a
significant association between neutrinos and Type Ibc SNe). We are therefore able to place
upper limits on Ecr and the fraction of SNe that could have a choked jet pointed towards
Earth (fjet). Note that the latter parameter cannot discriminate between SNe that do not
have jets, and those which have jets that are not pointing towards us because of beaming
considerations.
The IceCube collaboration is expected to release the remainder of their upgoing track-like
events (roughly 7 years in total), which will improve the limits of this analysis. Furthermore,
our procedure can be applied to test neutrino coincidences with any γ-ray dark source (e.g.,
low-luminosity GRBs, choked-jet TDEs). With the introduction of wide field-of-view optical
surveys such as the Palomar Transient Factory [56] and All-Sky Automated Survey for Super-
novae (ASAS-SN)∗, new rich datasets of γ-ray dark transient events will be made available to
test as potential neutrino sources. Furthermore, cjSNe are important targets for the Astro-
physical Messenger Observatory Network (AMON) [57]. Because current optical telescopes
view the entire sky every few days, it will soon be possible to understand the initial period
of a SN explosion; and, improving this analysis by determining the exact time at which a
choked jet would occur.
In the following, we take the comosmological parameters to be H0 = 68 km s−1 Mpc−1
with ΩΛ = 0.69 and Ωm = 0.31.
2 Data
We consider one-year of IceCube data that was taken between May 2011 and May 2012 using
the 86 string detector array [5]. This sample contains ∼ 70, 000 upgoing, track-like events.
To eliminate contamination from atmospheric muons, we consider only upgoing track events.
Each neutrino event contains information on its energy proxy – which is related to the total
amount of photoelectrons observed in the detector [58] – the day on which it was detected,
its arrival direction, and corresponding angular uncertainty. Track-like events typically have
∗http://www.astronomy.ohio-state.edu/~assassin
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median angular uncertainties of . 2°, although they depend on their energies. In particular,
the low-energy events are affected by large kinematic angles. There are also misreconstructed
events. We note that < 100 events have large angular uncertainties of & 50°.
There are 29 Type Ibc SNe † that were detected in the Northern hemisphere during
the neutrino data collection period. From the Open SNe catalog (See [59] and references
within), we determine the date of their maximum optical brightness, their location in the
sky, and redshift (the latter for all but one event). Table 1 lists the SNe observations used
in our analysis. Note that available catalogues are quite incomplete at present. Also, with
the inclusion of new optical transient “factories” such as the Palomar Transient Factory, and
ASAS-SN the number of Type Ibc SNe detected each year following 2012 is significantly
larger.
3 Analysis
3.1 Signal and Background PDFs
We use the unbinned maximum log-likelihood method first developed for neutrino astronomy
by Braun et al. [60] to search for associations of neutrino arrival directions with source
positions. This technique was later adapted to analyze the correlation between neutrino events
and the prompt emission of GRBs [45]. The same analysis is appropriate for determining the
correlation of SNe explosions with neutrino events, although the likelihoods of the neutrino
arrival time, direction, and deposited energy must be adjusted for these new potential sources.
The method we present can be easily extended to include additional years of IceCube data,
or modified for other gamma-ray dark sources, such as choked-jet TDEs.
The neutrinos in our model are assumed to be produced by a jet that is launched
during the core-collapse of the SN progenitor, but is subsequently choked off by the stellar or
circumstellar envelope. For typical GRB jet luminosities, this process occurs within ∼ 10−100
s after the initial stellar explosion [33, 34]. However, almost all SN are not detected until
days after the initial explosion, and it is hard to precisely reconstruct the stellar explosion
†Note that an additional SN – SN2012bz [37] – is omitted from this analysis because it does not have a
measured date on which its optical flux reaches a maximum, and therefore does not meet the requirements of
this analysis.
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Name Max Mag (MJD) RA (rad) Dec (rad) DL (Mpc) Type
SN2011ep 55750.5 4.47 0.57 1490 Ic
PTF11ixk 55765.5 3.50 0.55 95 Ic
PTF11izq 55767.5 3.61 0.70 289 Ib
PTF11ilr 55771.5 6.05 0.27 - Ib
SN2011ee 55773.5 6.14 0.15 137 Ic
PTF11kaa 55775.5 4.57 0.82 184 Ib
SN2011gd 55790.5 4.34 0.38 44 Ib
PTF11klg 55810.5 5.79 0.11 120 Ic
PFT11kmb 55820.5 5.86 0.63 77 Ib-Ca
SN2011fl 55829.5 0.21 0.49 71 Ib
SN2011ft 55829.5 4.68 0.51 78 Ib
SN2011gh 55829.5 1.97 0.45 85 Ib
PFT11qcj 55866.5 3.46 0.83 127 Ib
SN2011fz 55888.5 6.01 0.04 73 Ib
LSQ11jw 55909.5 0.54. 0.01 90 Ic
SN2011jm 55918.5 3.38 0.05 14 Ic
SN2011it 55919.5 5.77 0.55 72 Ic
SN2011kf 55925.5 3.83 0.29 1280 Ic
SN2012C 55939.5 2.52 0.57 65 Ic
SN2012F 55930.5 0.15 0.07 137 Ib
SN2011kg 55937.5 0.44 0.52 976 SLSN-I
SN2012il 55941.5 2.56 0.35 878 SLSN-I
SN2012aa 55954.5 3.89 -0.04 376 Ic
SN2012ap 55975.5 1.31 -0.05 55 Ic BL
PTF12bwq 56007.5 3.61 0.44 184 Ib
PS1-12sk 56013.5 2.29 0.75 251 Ibn
LSQ12bph 56017.5 4.13 0.4 207 Ic
SN2012bw 56039.5 4.25 0.57 141 Ic
PTF12cde 56068.5 3.66 0.63 56 Ib/c
Table 1. Observations of the 29 Type Ibc SNe which were detected in the Northern Hemisphere
between May 2011 and May 2012.
time. By studying GRBs that are associated with SNe, it was found that the prompt GRB
emission was detected ∼ 13± 2.3 days before the SN reached its maximum optical brightness
(see [61] and references within).
We therefore use the maximum SN brightness time as a proxy for the stellar explosion
time, and assume that for any given Type Ibc SNe, the difference in time between the two
is given by a Poisson distribution with λT = 13 days. Note that since the arrival times
for the neutrinos are coarsely binned by the day they were detected, a discrete probability
distribution is appropriate as an approximation here. The signal probability mass function
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(i.e., the analog of a probability density function but for discrete values) for the arrival time
of neutrinos is therefore
ST (Tarr,ν , Tmax,sn) = e
−λT λ
Tmax,sn−Tarr,ν
T
(Tmax,sn − Tarr,ν)! , (3.1)
where Tmax,sn and Tarr,ν are integers rounded to the nearest Modified Julian Day.
The background neutrino events for this analysis are primarily neutrinos produced by
CR interactions in the Earth’s atmosphere, and are assumed to occur at a constant rate.
Therefore, the background probability density function (PDF) for the arrival time of neutrinos
(denoted as BT ) is constant during the observation window. This window is taken to be the
central 99% confidence interval for Eq. 3.1, Tmax,sn − 19 days ≤ T ≤ Tmax,sn − 4 days.
Unlike Ref. [60], we assume that the signal PDF for neutrino arrival directions is the
von Mises-Fisher (aka the Kent [62]) distribution [47, 63]
Sdir ((α, δ)ν , (α, δ)sn) =
κ
4pi sinhκ
eκµ, (3.2)
where κ = 1/σ2ν is related to the angular error of the neutrino arrival direction, since it can be
assumed that the uncertainty of the SN position is negligible compared to ∼ 1° . The cosine
of the angular separation between the neutrino and SN position is µ = cos ∆ψ. Note that for
∆ψ  1 and κ  1 Eq. 3.2 reduces to a 2D Gaussian PDF Sdir = 12piσ2ν e
−∆ψ2/2σ2ν (compare
with Eq. 9 in [60] and Eq. 3 in [45]).
The background PDF for the arrival direction of neutrinos (denoted as Bdir) is the
product of the PDFs for the neutrino right ascension or RA (α) and declination (δ). The
former is adequately approximated by a uniform distribution between 0 and 2pi (i.e. RA
∼ U(0, 2pi)), while the later is constructed using the declinations of neutrinos that are outside
of the acceptance window of any SNe (See Fig. 1). The acceptance window for arrival direction
is determined by the 99% lower confidence interval of Eq. 3.2 (i.e., all neutrinos which satisfy
µν ≥ µ99%).
The energy and zenith dependent IceCube effective areas provided in Aartsen et al.
(2015) [5] are convolved with an unbroken E−2ν spectrum for the neutrino fluence to construct
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Figure 1. Background PDF for neutrino arrival declination. Constructed using neutrino data from
events not within the acceptance window (i.e., outside of the 99% central (lower) confidence level of
Eq. 3.1 (3.2))
the signal PDF (Sene) for the neutrino energy proxy, which is related to the total amount
of photoelectric energy a neutrino deposits in the detector (see Fig. 2, dash-dotted lines).
Later, we perform a similar analysis for a soft E−2.3ν spectrum using analytic corrections
to the effective areas provided. The total amount of CR energy in the jet – which can be
related to the neutrino energy if one assumes that the choked jet is calorimetric – is left as
a tunable parameter so we can set a limit on the CR acceleration efficiency of cjSNe. The
luminosity distance is obtained from the measured redshift of each SN. For the one SN for
which no redshift is determined (PTF11ilr), we randomly draw a value from the remaining SN
redshifts. The background energy PDF (Bene) is again constructed using neutrinos outside
of the acceptance windows of all SNe, and is in good agreement with the proxy energy
distribution of atmospheric neutrinos for proxy energies & 103 (see Fig 2, dashed lines) [58].
Because of the geometry of the IceCube detector, and the direction and energy dependent
neutrino opacity of the Earth, both the signal and background energy PDFs depend on the
IceCube zenith angle (i.e., the declination of the neutrino event, see Fig 2). Therefore, we
produce energy PDFs for each zenith bin of the IceCube effective area from Aartsen et al.
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Figure 2. Signal and background energy PDFs for neutrino arriving in the IceCube zenith bins
−1 ≤ cos θz < −0.9 (left) and 0.1 ≤ cos θz < 0.0 (right). Note that the IceCube detector is most
sensitive to very high-energy neutrinos coming from the horizon, since the Earth is opaque to neutrinos
with energy Eν & 1 PeV. The proxy energy for each neutrino is related to the amount of photo-
electrons produced in the detector.
3.2 Construction of Test Statistic
The likelihood that a given neutrino event is associated with a particular SN is related to the
product of the ratio of signal(-like) and background PDFs defined above
S
B =
ST
BT
Sdir
Bdir
Sene
Bene
. (3.3)
The composite likelihood for each SN is the product of the likelihoods for each neutrino event
associated with a SN. We perform a stacking analysis by forming a likelihood composed of
the product of all SN likelihoods. Each SN likelihood is weighted by an appropriate Poisson
factor, which accounts for the number of neutrinos associated with the jth SN as a function
of its background (bj) and signal (sj) rates (i.e., the number of signal-like and background
neutrinos found in a SN’s acceptance window)
Pj(sj , bj) = (sj + bj)
Nj
Nj !
e−(sj+bj). (3.4)
The background rate bj is calculated using data from randomized synthetic experiments.
The neutrino arrival data are scrambled to create synthetic data sets. The expected back-
ground rate for the jth SN is taken to be the average number of associated neutrinos from
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these scrambled datasets. The signal rate sj is calculated by maximizing the log-likelihood,
where the likelihood function is given by L({s, b}) = ∏Nsnj=1 [Pj({s, b})∏Nji=1 Li,j({s, b})]. The
likelihood that an individual neutrino event i is associated with SN j is given by
Li,j(sj , bj) = sjSi + bjBi
sj + bj
. (3.5)
For simplicity, we maximize the ratio of the log-likelihoods assuming a signal and no signal
hypothesis, with TS = ln
[L({s})
L({0})
]
. Our test statistic is then
TS =
Nsn∑
j
−sj + Nj∑
i=1
ln
[
sjSi
bjBi + 1
] . (3.6)
From Eq. 3.3 Si = ST Sdir Sene and likewise for Bi. The significance of our observed test
statistic TSobs is determined using a frequentist method. We produce synthetic background
only data sets by randomizing the arrival times, directions, energy, and angular uncertainty
of our original neutrino sample. We then compute a distribution of test statistics TSbkg by
applying Eq. 3.6 to 100,000 of these synthetic data sets. Note that in the background only
hypothesis, some neutrinos in the scrambled data are identified as signal-like neutrinos (i.e.,
sj > 0, see the gray band of Fig. 4). Therefore, we rejected the background only hypothesis
if the observed test statistic TSobs is > 90% of the distribution TSbkg.
3.3 Placing Upper Limits
The test statistic calculated using observed (i.e., unscrambled) data TSobs is consistent with
the distribution of test statistics calculated using scrambled data TSbkg (See Fig. 3 below).
This latter scenario is referred to as the background only hypothesis. Therefore, we can place
upper limits on the total SN energy deposited in CRs Ecr (assuming the cjSNe are calorimetric
with regards to neutrino production), and the fraction of SN which have choked jets pointed
towards earth fjet. To do this, we calculate the probability that the distribution of SNe with
fixed Ecr and fjet would produce a > 90% CL detection. In practice, this is given by the
fractional number of TSsig that are greater than 90% of TSbkg.
We accomplish this by injecting true signal neutrinos into our randomized synthetic data
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sets. For each data set, fjetNsn SNe are chosen from random to produce signal neutrinos.
These signal neutrinos have arrival time and direction, as well as energies drawn from the
signal PDFs described above. The number of true signal neutrinos injected in the acceptance
window of each SN is determined using the expected fluence from that SN. The muon neutrino
fluence per logarithmic energy interval from a calorimetric SN jet measured on Earth (i.e.,
after flavor mixing) can be approximated as [64]
Fνµ ≈
1
8
Ecr
4piD2LRcr
erg cm−2, (3.7)
where DL is the luminosity distance of the SN, and Rcr = ln(εcr,max/εcr,min) ' 18 is a
bolometric correction factor for a nεcr ∝ ε−2cr CR spectrum. Note that the factor of 18 is
related to the branching ratios of neutrino and charged pions, the later of which decay to
produce neutrinos (see e.g., Waxman & Bahcall 1998 for a review [64]). The number of signal
neutrinos is drawn from a Poisson distribution, with mean given by the expected number of
signal neutrinos. The latter is determined by the product of the SN neutrino fluence with
IceCube’s effective area. While we use the neutrino effective area given by Ref. [65], the
energy and zenith-angle averaged value is approximately A¯eff ∼ 104 cm2.
4 Results
Based on the distribution of TS assuming a background only model (i.e., scrambling the
existing neutrino data without injecting signals), we do not see any significant association
between the HE IceCube neutrinos and optically detected Type Ibc SNe for the time period
May 2011-May 2012.
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Figure 3. Cumulative distribution function of TSbkg generated from synthetic experiments of ran-
domized neutrino data with the observed test statistic TSobs (dashed line) and the 90% upper limit
on the background distribution TSbkg,90 used to set exclusion contours for the signal hypothesis
(dash-dot, see text for details). TSobs is consistent with a background only hypothesis.
Fig 3 gives the cumulative distribution function (CDF) of TS assuming a background
only hypothesis, with TSobs given by the dashed line. Each SN was associated with ∼ 15
track events on average. This level of association was expected from the synthetic experiments.
Large values of TS correspond to experiments with many signal-like neutrinos, while values
of TS ≈ 0 indicate few signal-like neutrinos.
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Figure 4. Best fit value for the number of signal-like neutrinos (sj) for each SN in our sample (with
their label number on the x-axis). The black dots correspond to the best fit values from our observed
data, while the gray band is the 99% confidence interval determined from the synthetic data samples
of randomized data. Note that sj 6= 0 for all cases, meaning that some neutrinos from the scrambled
data sets are identified as signal-like neutrinos. We do not see a significant number of signal-like
neutrinos above what is expected from a background only model.
Looking at the best fit values for the number of signal-like neutrinos in our observed
data, we find that they are within the 99% confidence interval determined by the synthetic
background data distribution (See Fig 4). This gives a further indication that we do not see
a significant association between HE neutrinos and the 29 Type Ibc SNe in our sample.
We also produce distributions of TSsig, where true signal neutrinos are injected into
our sample. Fig. 5 (left) compares the CDF of the background only scenario (solid line)
with different distributions of TSsig with fixed fjet = 1.0 and Ecr = 1051.3 erg (dotted), Ecr =
1052 erg (dash-dotted). Fig. 5 (right) compares the background only CDF with two different
signal distributions, with fixed Ecr = 1052 erg and fjet = 0.56 (dashed) and fjet = 1 (dash-
dotted). These distributions are compared with the observed value TSbkg,90 (thick dashed)
to determine what is the probability of making a 90% CL observation for a particular signal
hypothesis. The wavy features for the signal CDFs are a result of SNe from varying luminosity
distances being included or excluded in a synthetic experiment. When Ecr is the same for
all SNe, closer jetted SNe result a higher fluence of signal neutrinos in the detector. Note
that, as the number of signal neutrinos in our synthetic data set decrease – as either Ecr or
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fjet decrease – the signal distribution of TS begins to resemble that of the background only
scenario.
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Figure 5. Cumulative distribution functions of TS comparing the background and signal scenarios
with TSbkg,90. We show how the CDF produced by the signal hypothesis changes as Ecr is varied
with fjet = 1.0 (left), and for different values of fjet with Ecr = 1052 erg (right). Insets show where
TSbkg,90 intersects with each CDF. The wavy features of the signal CDFs are a results of SNe from
different luminosity distances being included or excluded in a synthetic experiment. When Ecr is the
same for all SNe, closer jetted SNe produce a higher fluence of signal neutrinos in the detector.
We are able to place upper limits on the fraction of SNe which have choked jets pointed
towards us fjet, and the total amount of CR energy contained in such jets Ecr. Fig 6 shows a
heat map of the exclusion region in the Ecr − fjet plane which is given by the probability of
observing TSsig > 90% of TSbkg (see §3.3). We consider the values 0 ≤ fjet ≤ 1 to consider
the scenario where no Type Ibc SNe have jets, and when all such SNe contain them. The
solid (dashed) lines show the exclusion contours for a E−2ν (E−2.3ν ) neutrino spectrum. We
are able to place limits on fjet down to Ecr ∼ 1051.5 erg, which is comparable to a typical SN
explosion energy. Note that Ecr is the isotropic equivalent energy, so the true amount of jet
energy contained in CRs would be reduced by a factor θ2j/2 ∼ 10−1 depending on the opening
angle of the choked jet θj .
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Figure 6. Heat map that shows the exclusion limits for values of Ecr and fjet based on synthetic
experiments with true signal neutrinos added. Darker color means higher confidence in exclusion (e.g.,
the top right corner is excluded at 90% confidence). Solid lines shows the exclusion region for an E−2ν
neutrino spectrum, while the dashed lines are for an E−2.3ν spectrum.
We can compare our result with a simple analytic argument, using the typical IceCube
fluence sensitivity φlim ∼ 10−4 erg cm−2 and summing over each SN. The limit on Ecr and
fjet is set using the Poissonian probability of observing more neutrinos than the 90% upper
limit assuming a background only hypothesis (Nbkg,90). With the total neutrino background
rate (i.e., nb =
∑Nsn
j=1 bj) the 90% upper limit on the number of observed neutrinos in the
background only hypothesis is calculated solving [66]
Nbkg,90∑
x=0
nxb e
−nb
x!
≤ 0.1 (4.1)
The probability P>90 of observing more neutrinos given a signal rate (ns), assuming the
average isotropic equivalent CR energy released per burst is E˜cr = Ecr fjet, is given by
P>90 =
Nbkg,90∑
y=0
(ns + nb)
y e−(ns+nb)
y!
, (4.2)
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where ns is estimated to be
ns = φ
−1
lim
E˜cr
32piC
Nsn∑
j=1
1
D2L,j
, (4.3)
For the 28 SNe in our sample with a measured redshift, this gives E˜cr,90% ∼ 1052 erg.
Fig. 7 compares the heat map of our numerical results (as seen in Fig. 6) with the
analytic results produced by Eq. 4.2 (white solid line). We see that there is reasonable
agreement between the shape of the exclusion region from both methods, as well as the
location of the 90% confidence limit at Ecr ∼ 1052 erg (for fjet = 1). With an additional 6
years of IceCube data, we find using Eqs. 4.1-4.2 that the 90% confidence limit on Ecr can be
improved by a factor of ∼ 10 (see Fig. 7 black dashed line, which was calculated using 131
Type Ibc SNe that were observed between May 2010-May 2017 with an extrapolation of the
expected neutrino background rate for 7 years of data from 1 year of data).
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Figure 7. Comparison of the numerical results of our analysis (heat map, see Fig. 6) with the 90%
upper limit determined by Eq. 4.2. The white solid line corresponds to the 90% upper limit using the
28 SNe with measured redshift, while the black dashed line corresponds to the analytic 90% confidence
level using Eq. 4.2 and 131 SNe from May 2010-May 2017 (see text for details).
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5 Summary and Discussion
We performed an unbinned log-likelihood analysis of the ∼ 70, 000 up-going, track-like neu-
trino events observed by IceCube between May 2011 and May 2012 and 29 Type Ibc SNe
observed during this same time period. We found no significant excess of signal neutrinos
associated with these SNe (see Fig. 3). Based on this non-detection, we were able to place
upper limits on the fraction of Type Ibc SNe which may harbor a choked jet pointed towards
Earth, and the total amount of CR energy they can produce assuming such jets are efficient
neutrino factories. Our upper limits will be improved by a factor of ∼ 10 once the remaining
6 years of IceCube data are made public.
If cjSNe significantly contribute to the observed IceCube flux below 100 TeV, the required
CR energy production rate is 3 × 1053 erg Mpc−3 yr−1. For Type Ibc SNe with density
2 × 104 Gpc−3, the required CR energy per event is Ecr ∼ 1049 erg for fjet = 1. In reality,
fjet  1 is expected, so the number of “nearby” SN samples should be large enough ( 1/fjet)
to obtain meaningful constraints and test the choked jet scenario for IceCube neutrinos [23].
IceCube currently has upgoing track-like data for ∼ 7 years (2010-2017). When this data
is made available to the public, combined with the increased detection rate of ccSNe with
ASAS-SN and other all-sky optical surveys – there are an additional 104 Type Ibc SNe that
were detected from May 2012 to May 2017 – cjSNe can be more tightly tested as potential
sources of HE astrophysical neutrinos in future, especially with IceCube-Gen2.
Non-detection of neutrinos from cjSNe may not be surprising at all. Theoretically, the
standard Fermi acceleration mechanism is inhibited in radiation mediated shocks, so powerful
jets or compact progenitors would not be ideal as high-energy neutrino emitters via this
process [23]. This also implies that one has to be careful to use the neutrino data to constrain
physical quantities of choked jets, except for the CR acceleration efficiency. On the other
hand, a correlation between HE neutrinos and cjSNe would indicate that high-energy CRs
can be accelerated in relativistic jets launched during stellar collapse, which has important
implications for CR acceleration in dense environments. Sub-TeV neutrino signals may allow
us to probe other alternative acceleration mechanisms, such as the neutron-proton-converter
acceleration process [67, 68]. Also, a new window will have been opened into the interior
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of old, massive stars. Except for the thermal neutrinos observed from SN1987A, these high
energy neutrinos would constitute the first direct observation of an exploding star beneath
its photosphere‡. Such observations could allow stellar interior models to be directly tested
using methods such as “neutrino tomography” [49].
Our analysis is one of the first systematic searches for neutrino sources from a population
of choked jet SNe. We have assumed a E−2ν spectrum. While it is reasonable to assume the
neutrino energy spectra is given approximately flat, these spectra are generally soft at high
energies Eν ∼ 0.1 − 1 PeV, and peak in the energy range that IceCube is most sensitive to
Eν ∼ 100 TeV. Using an approximation of the IceCube effective area for a soft, unbroken
neutrino spectrum (E−2.3), our results change by less than 10%. Future works will be able
to improve the accuracy of this analysis by constructing an energy signal PDF by convolving
different cjSNe neutrino models with the exact IceCube effective area.
Searches that rely on optical data only, or with some combination of soft γ-rays/X-rays
are becoming increasingly important, as γ-ray bright sources such as GRBs and blazars are
being ruled out as the main sources of the IceCube neutrinos. Furthermore, current and soon
to be operational optical surveys will view the entire optical sky within 3 days up to a depth
of 20.4 mag. By constantly monitoring the sky, we will gain a better understanding of the
early explosion processes of ccSNe (i.e., . 1 day after the initial explosion). The upgraded
Zwicky Transient Facility “will detect one SN within 24 hours of its explosion every night"[69].
This benefits the analysis in two ways: 1.) It allows for a more accurate determination of the
time window during which a choked jet may be formed in the ccSNe, reducing the signal time
window from ∼ 15 days, to hours. 2.) Early observations of SNe explosions will give the first
direct observations of the material immediately surrounding a SN progenitor. Currently the
mass loss processes which occur during the last 0.1−10 year of a stripped-envelope progenitor
are not well understood, and could provide insight into which types of stars will form a jet,
and ultimately a typical Type Ibc SNe, a cjSNe, or a full GRB. This in turn will help guide
searches for the most likely transients to produce HE neutrinos.
‡the region at which the stellar material becomes optically thick
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